


: Recording Spectroradiometers for Luminescent 
Materials’ 


oo le a 


‘ 


S. L. PArsons,? ALFrep E. Martin, ano 8. N. RoBperto 


Physics Laboratories, Sylvania Electric Products Inc., Bayside, N. Y. 


; ABSTRACT 


Instrumentation programs for the careful measurement of spectral energy distribu- 
tions emitted by luminescent materials have been an important part of Sylvania’s 
research activities for a number of years. Accurate knowledge of these properties is of 
value not only in the study of the fundamentals of the luminescent process, but also in 
the development and manufacturing control of the phosphors used in fluorescent lamps 
and in cathode-ray tubes. 

The objective of this paper is to describe a pair of automatic recording spectro- 
radiometers developed for the two foregoing products. These instruments have been 
installed in phosphor development laboratories. Their construction, operation, and 
uses are critically discussed. Both instruments provide for the direct measurement of 
spectral energy in the region between 7200 and 3600 A. The fluorescent lamp spectro- 
radiometer plots a permanent record on a chart in 12.5 minutes while the cathode-ray 
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tube instrument performs the measurement in 48 seconds. 


INTRODUCTION 

The field of fluorescence is increasing in its 
importance to our way of living. The discoveries 
of new luminescent materials and the patient 
investigation of their complex phenomena over 
the past years have laid the foundation for at 
least two industries which will have great influence 
on our economy, comfort, and entertainment. 
These industries, fluorescent lighting and _ tele- 
vision, are already assuming gigantic proportions. 

In the past, not all workers engaged in the 
development of luminescent materials for fluo- 
rescent lamps and cathode-ray tubes have had 
access to precise measurements of the color of the 
light emitted under various conditions of excita- 
tion (1). It is, of course, widely recognized that 
much valuable work has been accomplished in 
certain quarters in consequence of well executed 
instrumentation programs (2-4). The point here 
is that in the absence of generally available stand- 
ardized equipment adequate tools have not been 
in the hands of most workers in this field. How- 
ever, the point has now been reached where to all 
concerned accurate knowledge of the energy dis- 
tribution of the emission spectrum of phosphors 
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is a prime requisite. Such data are of considerable 
importance in the manufacturing control of the 
phosphors as well as in the control of the color of 
the final fluorescent lamp or cathode-ray screen. 
It is the intent of this paper to describe two 
automatic recording spectroradiometers which 
were developed to be used as engineering tools on 
such problems. 

The Physics Laboratories of Sylvania Electric 
Products Inc. have had a program for the careful 
measurement of spectral energy distribution in 
effect for several years. Point-by-point measure- 
ments were made of the visible spectrum of 
‘athode-ray tubes and fluorescent lamps. The 
operation was manual, the final curve being 
plotted from calculations based on the experi- 
mental data. This was a slow process, subject to 
considerable individual error. Meanwhile, the 
groups working on the development of new and 
better fluorescent materials had reached a point 
where considerable spectral energy distribution 
data were needed to evaluate and direct their 
programs. It became evident that, to provide the 
data necessary to survey thoroughly the optical 
properties of a phosphor, a quick, accurate method 
would have to be developed. Furthermore, such 
equipment should be directly available for the 
chemical groups to use as a tool in their work. 
With the above requirements in mind, the auto- 
matic recording spectroradiometers were designed 
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to be complete instruments containing their own 
standards for calibration, adequate safety factors 
for maintenance-free operation, regulated power 
supplies, conveniently located controls, ete. 

Fig. 1 shows the first instrument developed; 


this was for the fluorescent lamp engineering 
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monochromator for dispersing the light, and means 
for measuring and recording the intensity of the 
dispersed light. 
Optical System 
The monochromator used is of the Littrow 
type (5, 6), employing a concave mirror for col- 
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Fic. 2. 
group. Fig. 2 shows the instrument which was 
developed for cathode-ray tube measurements. 

FLUORESCENT LAMP SPECTRORADIOMETER 


Fundamentally, the instrument consists of a 
power supply for the lamps to be measured, a 
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Front view of cathode-ray tube spectroradiometer 


limating the incident beam and focusing the spec- 
trum on the exit slit. Such a system has the 
advantage that the focal length of the mirror is 
independent of wavelength, hence, no mechanical 
focusing during scanning is required. As shown in 








Fig. 3, light from the lamp enters the entrance | 
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slit S:, and is reflected from the concave collimat- 
ing mirror M to the Littrow prism and plane 
mirror combination P. The dispersed light is di- 
rected back to the collimating mirror M which 
focuses the spectrum on a curve tangent to slit So. 
The spectrum from 7200 A to 3600 A can be 
swept across S. by a slight rotation of the prism 
about a vertical axis. In this equipment, rotation 
is accomplished by means of a cam Cj, so shaped 
that equal wavelength intervals are scanned in 
equal intervals of time. A second cam C2, located 
on the same shaft, is shaped to control the simul- 
taneous opening of the entrance and exit slits so 
that a constant wavelength interval of 100 A is 
transmitted by the monochromator throughout 
the whole spectral range. The light emerging from 





the exit slit is reflected from a small, first-surface, 
| plane mirror which directs it toward the light- 
| sensitive surface of a photomultiplier (7). A ‘“‘com- 
pensator disk” Cy, located between the exit. slit 
and the photomultiplier, partially intercepts the 
beam. This disk is synchronized with the wave- 
length and slit-width cams. Together with the cam 
C;, it is used to compensate both for the spectral 
| sensitivity of the photomultiplier and the spectral 
| absorption of the optical system. The shaft which 
rotates the cams is driven by a synchronouselectric 
motor. The paper drive in the recorder is also 
driven by a synchronous motor. Therefore, the 
wavelength scale is recorded on the chart merely 
by starting the two motors at the proper time. 
Since fluorescent lamp spectra have rather 
abrupt changes in light intensity due to the mer- 
cury lines, and since a moderate speed recorder is 
used (full scale time = 
| scanning time was set at 


1.5 seconds), the total 
12.5 minutes. A wave- 
length dial is provided on the control panel to 
indicate the portion of the spectrum being meas- 
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ured. A clutch is available to engage another 
small reversible motor for rapid traverse in either 
direction. Since the high speed scan can cover the 
whole range in about one minute, it is extremely 
useful for starting a record. All of the cams are cut 
so that their action is complete in 300°. The other 
60° is used to return the cam followers to the 
starting point. This design makes it unnecessary 
to have limit switches as the cams can rotate all 
the way around without damage to any of the 
mechanism. 


Electrical System 
The instrument is capable of testing standard 
and experimental fluorescent lamps. The voltage 
for the type 1P22 
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photomultiplier is obtained from 
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an electronically-regulated power supply variable 
between 700 and 1100 volts direct current and con- 
stant within 0.1 per cent. The voltage control 
is used to vary the gain of the photomultiplier so 
that full scale deflection of the recorder can be 
adjusted. The output from the phototube is fed 
into a d-e amplifier. The latter provides a correc- 
tion for the “dark” current in the photomultiplier 
as well as a step attenuator for the output. The 
final output is varied by means of a cam-driven 
voltage divider, C;, and is recorded on a 5-millivolt, 
t.5-second electronic balanced-potentiometer type 
recorder. The shape of cam C; is such as to at- 
tenuate the recorder input voltage in order to com- 
pensate for the variations in response of the photo- 
electric surface with changes in wavelength and 
the changes in transmission of the optical system. 
Since it was expected that the characteristics of 
the photosurface might vary with time, neces- 
sitating a new cam at intervals, it was decided 
to make 90 per cent of the correction with C; and 
the rest with the beam interceptor disk Cy which is 
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discussed below. The instrument operates from a 
standard 115 volt, single phase, a-c outlet through 
a voltage regulator. The latter is particularly nec- 
essary since 12.5 minutes are needed to make a 


record. 


Calibration and Operation 


Carefully-cut cams were not installed since their 
value would be dependent upon the photosensitive 
surface in the multiplier remaining constant, which 
is not the case (8). Instead there rotates behind the 
exit slit a thin metal disk with varying radius. 
This disk is synchronized with the wavelength 
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spectroradiometer 


Fine compensation system of fluorescent lamp 


drive shaft. It varies the area of the light beam 
falling on the photomultiplier in such a way as to 
compensate for the nonconstancy of the photocell 
response to wavelength and the spectral absorp- 
tion of the monochromator. It was expected that 
new disks would be required frequently so the 
instrument was designed to simplify the problem 
of cutting them. Fig. 4 shows such a disk in place. 

As shown in Fig. 3, a standard tungsten-filament 
lamp, mounted permanently in the instrument, is 
arranged with voltage controls and meters so that 
it can be operated at a known color temperature, 
in this case 2848° kk. Since the color temperature 
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changes as a function of time due to evaporation 
of the filament (9), a time-totalizing meter is 
included in the circuit to give an accurate indi- 
cation of the number of hours the standard lamp 
has been burned. We have found that after 60 
hours the standard should be replaced. 

Light from the lamp falls on an aluminum plate 
at an angle of about 45° when the plate is slid into 
the optical path. The plate is smoked with mag- 
nesium oxide (10). The specular reflection from the 
standard lamp is absorbed in the body of the 
instrument so that the monochromator is illumi- 
nated only by a diffusing surface very similar to 
that of a fluorescent lamp bulb. To calibrate the 
instrument, a blank compensator disk is placed 
on the upper spindle shown in Fig. 4 where it 
rotates in the same direction and in exact phase 
with the lower spindle. A scriber attachment, hav- 
ing a blade which is moved up and down by a 
control on the panel, is then fastened in place. As 
the blade moves up and down it carries a point 
which scribes a line on the uncut disk above. The 
spectral energy distribution of the standard lamp 
is then plotted on the recorder chart, using a 
template. 

The wavelength drive is then started. As it 
progresses through the spectrum the recorder pen 
is kept on the plotted spectral energy distribution 
curve by manual operation of the control which 
moves the blade. This movement is recorded on 
the compensator disk by the seriber point. It is 
only necessary to remove the disk, cut it on the 
scratched line, and replace it on the lower spindle 
to complete the calibration. The magnesium oxide 
plate is then pushed back out of the way and the 
instrument is ready for use. Attainable calibration 
accuracy is +5 per cent. 

The lamp spectroradiometer has seen consider- 
able service, and a considerable amount of data 
have been obtained with it. Fig. 5 shows a typical 
record which also shows the reproducibility, since 
it is made up of two recordings from the same 
lamp taken about one year apart. 

KX. H. Butler of the Fluorescent Lamp Engineer- 
ing Group has added some interesting accessories 
to the instrument. One unit provides a very good 
means of directly comparing the relative efficiency 
of phosphors in a particular region of the spectrum 
without the necessity of making up lamps and 
thus adding other variables. Another innovation 
is the replacement of the ordinary compensator 
disk by another so cut that the instrument plots 
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the spectral energy distribution of an incandescent 
lamp as a line of energy the 
Thus the curve for a fluorescent lamp 
is a plot of the intensity ratio of the fluorescent 
lamp to the incandescent lamp. 


constant across 


spectrum. 


This device is 
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Fic. 5. Reproducibility of recordings on fluorescent 


lamp spectroradiometer. 


Fic. 6. Layout sketch of cathode- 


ray tube spect roradiometer. 
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a basic similarity to the fluorescent lamp spectro- 


radiometer al but with certain 


necessary modifications. 


described ove, 


Mechanical Construction 


Simplicity of operation and ease of maintenance 
were accomplished by positioning the most used 
controls on the main panel of a_ specially 
constructed console and by facilitating the re- 
moval of separate units for repairs and modifi- 
cations. In addition to the power units located in 
the lower part of the console, 
housed in two standard cabinet 


other units 
racks, one con- 
taining the recording system and the other a 
cathode-ray oscillograph for visual presentation of 
certain data. All three units, as shown in Fig. 
are mounted on 


are 


2, 
casters and are interconnected 
through suitable cables. 

The optical instrument and its associated drive 
mechanism are located in the console unit where 
they are easily accessible through two removable 
rear doors. An opening in the left end of the console 
permits the light from a cathode-ray tube under 
examination to enter the monochromator 
a baffle slide is retracted by 
panel control. ’ 


when 
front 
his slide serves a dual purpose in 
that, when it is in the closed position, all external 
light is excluded. 
standard source, 


means of a 


This permits light emitted by a 
ICI Illuminant 
1 magnesium oxide layer 
posited on the inner surface of the 


\, diffusely re- 
(10) de- 
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extremely useful in the development of fluorescent 
lamps for use with incandescent lighting. 
CATHODE-RAY 


TUBE SPECTRORADIOMETER 


A schematic view of the instrument used for 
cathode-ray tubes, as shown in Fig. 6, illustrates 
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the monochromator. With the baffle in this posi- 
tion, the spectroradiometer can be calibrated. 
Into the console have been built two light-tight 
compartments which are accessible through small 
doors located on opposite sides of the front panel. 


[oscuro care 


The left enclosure contains a multiplier phototuhe 
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(type 1P22), and a synchronous motor-operated 
light-chopper. The other compartment houses the 
optical-mechanical ‘fine’? compensator consisting 
of a phototube (type 929), a system of gears, and 
a stylus for scribing the “‘fine’”’ compensating disk. 
In addition to the individual blower motors 
mounted as integral parts of the standard lamp 
and compensating projection lamp housings, a 
large double blower ventilates the entire unit in 
order to maintain low operating temperature. 


Optical System 


The optical instrument used is the same as 
described above. The monochromator has been 
provided with a reversible synchronous motor 
wavelength drive which sweeps the spectrum across 


Fic. 7. Top view of optical assembly, 


the exit slit within a period of 48 seconds at a 
constant wavelength rate. This is accomplished by 
a cam-driven mechanism which displaces the prism 
arm at a nonlinear rate to compensate for the 
variable wavelength dispersion of the prismatic 
system. The cam is rotated 288° to cover the 
spectral region from 7200 A to 3600 A. The 
remaining 72° of the cam are used to return to the 
starting point. This cycle can be repeated once 
every minute. For the slow-speed operation. re- 
quired in calibration, a clutch, manually operated 
from the front panel, reduces the gearing 15 to 1. 

Also, on the main drive shaft directly below the 
wavelength cam (Fig. 7) is the coarse correction 
cam which varies the setting of a potentiometer 


electrically connected into one stage of an a-c 
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amplifier. This, effectively, alters the gain of the 
stage so that the recorder input becomes pro- 
portional to the luminous energy at any wave- 
length. At this point compensation is provided for 
three things: 
(1) Spectral sensitivity of the multiplier photo- 
tube 
(2) Spectral absorption of the combined optics 
(3) Variable spectral bandwidth through the 
fixed slitwidth of the monochromator 
In addition to the method of coarse correction 
mentioned above, an adjustable fine correction is 
also inserted into the amplifier to compensate for 
any residual errors, including those that may be 
introduced by replacement of the multiplier photo- 
tube. The fine correction is readily made. The 





cathode-ray tube spectroradiometer 


light from a projection lamp incident on the 
phototube (type 929) is partially intercepted by 
the fine correction disk which, in effect, varies the 
photocurrent in a predetermined manner. The 
current change is inserted into the same amplifier 
stage that received the coarse correction. 

The monochromatic light from the exit slit is 
focused on the photocathode by means of a cy- 
lindrical lens. A cylindrical light chopper with two 
90° openings displaced 180° is mounted concen- 
trically over the multiplier phototube housing 
and rotated at 1800 rpm. A mechanical phase- 
control knob permits the a-c signal developed to 
be synchronized with the horizontal sweep of the 


oscilloscope. 


The bilateral entrance and exit slits of the 
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monochromator are ganged. Their openings may 


be varied manually for different operating con- 
ditions, although for most work a fixed slit setting 
of 0.2 mm is used. This corresponds to a band- 
width varying from approximately 100 A at 7000 
\ to 20 A at 3800 A (11). The high scanning speed 
of this spectroradiometer precludes cam operation 
of the slits. Therefore, the coarse compensation 
takes account of the variable spectral bandwidth, 
as has been mentioned. A calibrated standard 
projection lamp is operated at 
of 2848° K. 


a color temperature 


Electrical System 


The input supply voltage (115 volts, a-c) is 
electronically regulated by a 2 kva voltage regu- 
lator. In addition, each power supply has its own 
electronic regulation. 

The multiplier phototube power supply employs 
a conventional circuit. The output voltage applied 
to the dynodes is fixed and regulated by a series 
of nine type VR-105 tubes. As a safety feature, a 
door interlock is provided in the receiver enclosure 
which prevents damage to the photomultiplier 
tube from overexposure. 

The amplifier is constructed on two separate 
chassis. This was felt to be desirable in order to 
bring the gain control to the front panel and 
isolate the amplifier without introducing a capaci- 
tive load on the high impedance output of the 
multiplier phototube by means of connecting 
The first chassis, employing a one-tube 
cathode follower, was positioned adjacent to the 
Extending the 


cables. 
receiver. cable from the low im- 
pedance output of the first chassis to the input of 
the second chassis then presented no unusual 
difficulty. 

The amplifier is a multi-stage a-c amplifier 
employing current feedback in all stages and 
cathode follower output. The low-frequency re- 
sponse is corrected to the degree that only a 10 
per cent drop on a_ 120-cycle 
observed at the output. ° 


square Wave Is 
The high-frequency char- 
acteristics are sufficient to reproduce a 120-cycle 
square wave with negligible rounding at the 
corners. The amplified a-c signal may be fed into 
a 7-inch (17.8-cm) oscilloscope for a visual pres- 
entation. Crystal rectifiers provide a d-c 
1-milliampere, 


signal 
recorder for a 
graphic representation of the spectral energy dis- 
tribution of the phosphor. 

The oscilloscope was included in order to fro- 


to a 0).5-second 
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vide a dual service. First, it provides an extremely 
convenient tool for servicing the electronic com- 
ponents of the spectroradiometer when that. be- 
comes necessary. Second, it is available as a 
display device for studies of build-up and decay 
time of phosphors. No serious consideration was 
given to the use of the oscilloscope to display the 
spectral energy distribution curves. Preference was 
given to the recorder because it provides a perma- 
nent record without the use of photography. 


Calibration and Operation 


In calibration, the operator manipulates the 
disk scribing arm as previously described for the 
fluorescent lamp spectroradiometer. 
ation is performed at slow speed in 


This oper- 
12 minutes. 
inserts its correction 
automatically. In routine operation the baffle plate 
is retracted and the cathode-ray tube under ex- 


The disk so obtained now 
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Fic. 8. Precision of cathode-ray tube spectroradiometer 
amination is placed before the aperture. The am- 
plifier gain is adjusted for full-scale deflection of 
the recorder at the higher peak of the curve, and 
the instrument graphically plots the spectral 
energy distribution in 48 seconds. Since the drive 
is continuous, as many cycles as desired can be 
produced in one operation, avoiding the difficulties 
and delays encountered with limit switches and 
long retrace time. The start of each cycle is re- 
corded on the chart strip by means of a right-hand 
chronograph pen energized by a microswitch actu- 
ated by the wavelength drive. 

Three consecutive recordings superimposed, as 
shown in Fig. 8, graphically illustrate the precision 
of the spectroradiometer. The wavelength calibra- 
tions of both spectroradiometers were carefully 
made so that there is no error greater than 
10 A in any portion of the spectral range cov- 
ered. Inasmuch as the wavelength cams are oper- 
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ated under very light load, one may expect that 
these calibrations will be permanent under normal 
conditions. The information contained in a spec- 
tral energy distribution curve for a phosphor is 
frequently more useful when converted into a 
numeric. Methods for doing this have been des- 


cribed elsewhere (12). 
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Any discussion of this paper will appear in a discus- 
sion section, to be published in the December 1950 issue 
of the JouURNAL. 
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ABSTRACT 


Titanium is assuming increasing importance as a potentially valuable material of 
construction. Relatively light, with good strength and attractive corrosion resistance, 
it may some day fill the present structural gap between aluminum and alloy steel. New 
techniques for consolidation, fabrication, and utilization are being developed, although 
many difficult problems remain to be solved. The large number of laboratories directing 


their resources toward its exploitation insures an increasing supply of data for evalua 


tion with regard to our present metal use pattern. 


INTRODUCTION 

This paper is a publication by the Pigments 
Department of the E. I. du Pont de Nemours & 
Company, Ine., which is producing sponge and 
ingot titanium commercially. Piloted research on 
melting and fabrication is being carried out pri- 
marily as a service to the metal working trade. 

The historical background of titanium metal has 
been adequately described and this paper will 
confine itself to present procedures and prob- 
lems (1). 

Two methods are known at present for produc- 
ing titanium which is ductile at room temperature. 
The first, developed by Van Arkel, DeBoer, and 
Fast, involves decomposition of titanium iodide on 
a hot surface to yield titanium and iodine (2-6). 
As known today, the process is essentially one of 
purification requiring crude titanium metal as a 
raw material. This process does not appear to 
lend itself readily to commercial production be- 
cause of the low pressures, high cost reagents, and 
low recoveries involved. Very high purity metal 
is produced, however, and the softest material re- 
ported has been obtained by this method (7). 

The second method for the production of ductile 
titanium is the reduction of titanium halides with 
active metals such as sodium, calcium, or mag- 
nesium (8, 9). Present commercial production of 
titanium by the Du Pont Company is based upon 
this method and a pilot plant of approximately 
100 pounds (45 kg) per day capacity has been 
operated almost continuously for the past seven 
months. 

' Manuscript received May 13, 1949. This paper pre 
pared for delivery before the Philadelphia Meeting, May 
4 to 7, 1949. 
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When titanium is made by the reduction of the 
tetrachloride with magnesium, the product is 
formed, together with unreacted magnesium, in 
magnesium chloride. Two different separation 
methods have been developed and are being used. 
In the first, as practiced by the Bureau of Mines, 
the reaction mass is turned from the reaction pot 
on a lathe and the chips leached with cold HCl to 
remove the majority of both contaminants. The 
chips are washed, ground to the desired size of 
powder, given a second leaching in dilute HCI, 
then rewashed and dried at room temperature 
(10). Metal prepared in this fashion has a tendency 
to be gassy and, for many operations, must be 
vacuum sintered before use. : 

The second separation method does not yield 
powder, but a porous form of sponge. If the re- 
action mixture is subjected to relatively low 
vacuum, of the order of 10 microns at a temper- 
ature of 1000°C, excess magnesium and mag- 
nesium chloride distill off leaving sponge metal 
such as is shown in Fig. 1. Sponge titanium is 
usually lower in magnesium and magnesium chlo- 
ride than leached powder and is relatively gas-free. 

Mera Puriry 

Each of the foregoing methods produces tita- 
nium of variable purity and physical form. This 
may account, at least partially, for deviations in 
physical data between different laboratories. For 
example, a flexural endurance limit of 25,000 psi 
(17.5 kg/mm?) on sheet from powder compacts is 
reported in contrast to 68,000 psi (48 kg/mm?) on 
rolled bar from cast ingot (11). The statie me- 
chanical properties of the two materials, both in 
annealed condition, were otherwise approximately 
the same. 
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The range of purity of the three varieties of 
titanium is listed in Table I. 

Du Pont sponge is midway in purity between 
the iodide metal and leached powder. Essentially, 
it differs from the latter in regard to lower mag- 
nesium and freedom from gas. Vickers Hardness 
determinations on button melts of Du Pont and 
iodide titanium show only a moderate difference, 
as would be expected with the slight variation in 
quantity of impurities present. A question mark 
has been inserted for oxygen content. While the 
majority of us feel that oxygen is a critical im- 
purity, no completely satisfactory analytical 
method has been available in the past. At present, 
the only criteria for oxygen contamination are the 


physical characteristics of the resulting metal. 





Fic. 1. Sponge titanium 


Metra CONSOLIDATION 

Before any metal, produced in sponge or powder 
form, can be fabricated into rod, sheet, plate, etc., 
it must be consolidated and five basic methods are 
being evaluated. They are, namely: 

1. Iodide deposition 

2. Powder metallurgy 

3. Hot rolling 

t. Are melting 

5. Induction or resistance melting 

For high purity metal, where limitations of rod 
size and cost are not prohibitive, iodide deposition 
is a satisfactory consolidation procedure. By de- 
positing the metal on a hot wire, ductile titanium 


rods of approximately 3 in. (1.6 cm) diameter can 
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be produced. At the present time, this method 
does not appear to possess commercial significance. 

Powder metallurgy techniques were pioneered 
by the Bureau of Mines. Essentially their process 
consists of cold pressing powder at about 50 tons 
per square inch (70 kg/mm?) followed by a 16- 
hour vacuum sinter at 1000°C. A good grade of 
ductile metal is produced, but the inherent dis- 
advantages of pressing and sintering large masses 
of metal are believed greater than in the case of 
melting. In addition, when the product is sponge 
instead of powder, a costly grinding step is neces- 
sary. 

The Bureau of Mines recently reported an al- 
ternate consolidation method (14). By rolling 
green powder and compacts in iron pipe at 700°C, 
good consolidation of the metal was obtained and 
homogeneity of the sheet produced was reportedly 


TABLE I. Purity of titanium 


Bureau of Mines 


lodide metal Du Pont 
12 powder (13) 


2 sponge 


Titanium 99.9+ 99.5+ 99.1+ 
Iron 0.01-0.05 | 0.05-0.25  0.06-0.09 
Magnesium 0.005 0.01-0.05 | 0.35-0.50 
Chloride 0.05-0.10 ) 0.12-0.14 
Hydrogen 0.006 0.09-0.20 
Nitrogen 0.002-0.009 | 0.01-0.03 0. 006-0. 03 
Oxygen ? ? ? 
Molybdenum 0.05-0.10 

Aluminum 0.05-0.10 


0.01-0.05 
0.01-0.05 
0 .02-0.03 


Calcium 
Silicon 0.005-0.01 


Carbon 0.01-0.05 | 0.01 -0.04 
superior to pressed and sintered compacts. After 
hot rolling, the iron case is easily peeled from the 
titanium. While this method eliminates, to a de- 
gree, difficulties inherent in the powder metallurgy 
method, compacts would probably be required 
and sheathing appears to be a costly operation. 
The primary difficulty in all melting methods of 
commercial significance has been lack of suitable 
refractories. Unfortunately, almost all metals and 
ceramics alloy or react with titanium at its melt- 
ing point; however, the Battelle Memorial Insti- 
tute recently reported an are melting method 
which eliminates the refractory problem (15). 
Basically the apparatus consists of a water-cooled 
copper cylinder in which successive charges of 
sponge are melted, one upon the other, by means 
of an electric are maintained between a tungsten 
tipped electrode and a molten pool of titanium 
metal. This method requires inert atmosphere or 
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vacuum and has the advantage of producing rela- 
tively pure, highly ductile ingots, contaminated 
only slightly with tungsten. It would appear that 
segregation could occur between successive layers 
of melted metal which might lead to fabrication 
difficulties. 

The Pigments Department of the Du Pont 
Company has concentrated its attention primarily 
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on induction melting in graphite, and the appa- 
ratus and procedure for preparing 10 pound ingots 
was previously described (16). Resistance melting 
has been employed similarly by the P. R. Mallory 
Company, Indianapolis, Indiana (17). Induction 
melting is believed simpler and cheaper to operate 
than the alternative four methods, as practiced 
today, and offers the greatest pronase for transla- 
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tion to large scale production. It became apparent 
shortly after announcement concerning the avail- 
ability of sponge and 10 pound (4.5 kg) ingots 
that larger sizes of consolidated metal would be 
required by the various fabricators. A larger melt- 
ing unit of 100 pounds (45 kg) capacity was, there- 
fore, constructed and industrial requirements of 
ingot metal have been supplied continuously. 


ARGON INLET 

eo" TRANSITE 

CARBON BLACK INSULATION 
VENT 
SILICA SHELL 18” DIA. 


GRAPHITE MELTING POT 


POKE ROD 





COPPER. WATER-COOLED COIL 
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DIRECTING TUBE 

¥e” TRANSITE 

COPPER WATER-COOLED COIL 


Y2" TRANSITE 
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PLUG 
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Melting furnace 


It was found during exploratory work on the 
small furnace that difficulty was experienced with 
the flow of metal through graphite pores when 
high purity graphite was employed. For this 
reason, grade CS graphite has been used ex- 
clusively in the larger unit. No difficulty with 
leakage has been experienced after a preliminary 
bake at 2000°C for one hour. 
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Argon atmosphere is employed during melting 
and the gas used is 99.8+ per cent purity with the 
remaining 0.1-+ per cent mostly nitrogen. 

Power is supplied by a Tocco Motor Generator 
Set of 100 kw rated capacity, 10,000 cycles, at 
140 volts. 

Fig. 2 is a semi-diagramatic drawing of the melt- 
ing furnace. Basically it consists of a graphite 
crucible (1) which is insulated from a larger diame- 
ter silica shell (2) with carbon black (3). A short 
threaded pouring spout (4) in the bottom of the 
crucible feeds into a directing tube (5), through 
which the molten metal drops into an air-cooled 





Fig. 3. Titanium ingots 


graphite mold (6). Two sight glasses (7), one in the 
graphite wall and the other within the melting 
crucible, provide for temperature measurements 
during melting. One large induction coil (8) sur- 
rounds the silica shell, while a second smaller coil 
(9) is located around the directing pipe between 
the crucible and the mold. Several argon inlets 
(10) are provided for flushing wells and maintain- 
ing atmosphere, while gas is vented (11) from the 
One-half (1.27 em) 
transite sheets are used for top (12) and bottom 


top of the furnace. inch 
(13) supports. Small screw jacks (14) seated on a 


slate table top (15) support the upper portion of 
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the furnace. A seal is provided between the pour- 
ing spout and the mold by asbestos rope (16) 
which is compressed by a jack (17) beneath the 
graphite mold. A plug (18) is inserted in the bot- 
tom of the mold to facilitate removal of the ingot. 
Pressure is equalized during flow of metal into the 
mold by a rubber balloon (19). In case difficulty 
is encountered in initiating metal flow, a poke rod 
(20) is provided for clearing the spout. 

Sponge metal is compressed into plates, approxi- 
mately the diameter of the melting crucible and 
about one inch (2.54 em) in thickness, using : 
simple mold form and a forging hammer. 

An overall cycle, as measured between charging 
time and dropping of the melt, takes about five 
hours. A typical cycle follows: 


1. Charge 100 pounds (45 kg) of sponge or com- 
pressed plate. 

2. Assemble apparatus; fasten lid, insert sight 
glasses, ete. 

3. Flush apparatus with argon and maintain 
positive pressure for three hours, flow ap- 
proximately 8 cubic feet (230 1) per hour. 

4. Apply about 25 kw for the next hour during 
which time the furnace temperature reaches 
900°C. 

5. Boost power input to 40 kw for the next hour 
and 15 minutes, at which time the charge is 
usually molten. In general, this point is 
reached after a total input of 75 kwhr. 

6. The tapping coil is then activated and the 
melt dropped. The poke rod is resorted to 
only if the metal does not flow freely. 

7. Open apparatus and discharge ingot after 
cooling overnight. 


Furnace and metal temperatures are not com- 
pletely satisfactory criteria for dropping the 
charge as melts have been observed with tempera- 
tures ranging from 1500 to 1800°F. 

Ingot metal produced by graphite induction 
melting contains, in addition to the impurities in 
the sponge, 0.5 to 1.0 per cent carbon and 0.02 
per cent nitrogen. This quantity of carbon pro- 
vides a strengthening effect in fabricated sheet, 
rod, ete., together with a moderate decrease in 
ductility. A 100 pound (45 kg) and a 10 pound 
(4.5 kg) ingot are shown in Fig. 3; the former is in 
the ‘‘as cast’? condition while the latter has been 
given a light machine cut. The former measures 
approximately 15 inches (34 em) in height and 7} 
inches (18.5 em) in diameter while corresponding 
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dimensions on the latter are 7 inches (18 em) and 
33 inches (8.6 cm). 


Discussion OF RESULTS 


Commercial production of ductile titanium 


metal has been under way for over a year and 
product purity has exceeded 99.5 per cent tita- 
nium. Present production is based upon reduc- 
tion of titanium halides with active metals such 
as magnesium. Products of the reaction may be 
separated by leaching or vacuum distillation yield- 
ing powder and sponge titanium, respectively. 

Sponge or powder metal may be consolidated 
by melting under an inert atmosphere in graphite 
with no particular difficulty. Approximately 0.5 
to 1.0 per cent carbon is dissolved in the cast 
model and ingots of 100 pounds (45 kg) and larger 
have been produced. 


Any discussion of this paper will appear in the Discus- 
sion Section to be published in the December 1950 issue 
of the JouRNAL. 
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Solvent Effect on the Electric Moments of Some Amines 


Pau A. 


GEARY? AND JoHN G. MILLER 


Department of Chemistry and Chemical Engineering, University of Pennsylvania, Philadelphia, ‘Pennsylvania 


ABSTRACT 


The electric moments of a series of sympathomimetic amines were larger in benzene 


than in dioxane. The results are discussed in terms of intermolecular and intramolecular 


bonding, solute-solvent association, solute-solute association, and field effect. 


INTRODUCTION 


In measuring the electric moments of a series of 
sympathomimetic amines using dioxane as a 
solvent, four were chosen to have their moments 
determined in benzene also, in order to detect any 
solvent effect. The compounds chosen were 2- 
amino-I-phenylethane (phenethylamine), — 2- 


amino-l-phenylpropane (‘‘Benzedrine’’), 2-am- 


ino-l-hydroxy-l-phenylpropane (**Propadrine’’), 
and 2-amino-1-(4-hydroxyphenyl)-propane (**Par- 
edrine’’). These four comprise the principal struc- 
tural features of the whole series of sympathomi- 
the 
solvent effect is comparable to that observed by 


metic amines studied. The magnitude of 


Gur’yanova in some sulfonamides (1) and by 
Kumler and Halverstadt in some sulfanilamides 
(2). The effect observed in this study differs from 
that detected by these other workers in that the 
moments of our compounds were greater in ben- 
zene than in dioxane. The cause of this solvent 
effect is discussed at length. 


IcXPERIMENTAL 
Materials 


Dioxane.—A commercial grade of dioxane was 
purified by the method outlined by Fieser (3). 
The distillate was stored over sodium and redis- 
tilled as needed. The constants of the solvent were: 
d** 1.01945, bp 100.6°C (corr.). 

Benzene.— Baker’s C.P. Analyzed thiophene free 
material was also treated according to Fieser (3), 
stored over sodium and redistilled as needed. Its 
constants were: d*? 0.87374, bp 80.0°C (corr.). 
(‘‘Benzedrine’’) 


2-amino-1-phenyl propane was 


' Manuscript received June 16, 1949. This paper pre 


pared for delivery before the Philadelphia Meeting, May 


$f to 7, 1949. 


2? Present address: Smith, Kline & French Labora 


tories, Philadelphia, Pennsylvania 


obtained through the courtesy of Smith, Kline & 
French Laboratories with a purity of 99.8 per cent. 
The amine was redistilled at a reduced pressure 
of 50-51 mm at 116.2-116.4°C. The distillate was 
stored in sealed ampules until used. The observed 
1.520, R2® 44.169. 
(**Par- 
edrine”’) was obtained through the courtesy of 
Smith, Kline & French Laboratories as 98.9 per 
cent pure. A hot benzene extraction followed by 


constants were: d*? 0.93057, n> 


2-amino-1-(4-hydroxyphenyl)-propane 


recrystallization from benzene was used for purifi- 
cation. The crystals were dried in a vacuum desic- 
cator and finally, for a short time, in a vacuum 
oven at 60°C. The melting point in a sealed capil- 
lary tube was 124.0-124.2°C (corr.). This com- 
pares to 125-126°C (4) reported in the literature. 
(**Pro- 
padrine’’) was obtained by courtesy of Dr. W. H. 
Hartung of the University of North Carolina. It 
was extracted with hot benzene, crystallized, and 


2-amino-1-hydroxy-1-phenylpropane 


then recrystallized from benzene. The crystals 
were dried in an Abderhalden pistol at 85°C. The 
melting point in a sealed capillary of 100.0— 
100.8°C' (corr.) compares with the reported value, 
103°C (5) and 101°C (6). 

2-amino-1-phenylethane (phenethylamine) pur- 
chased from Eastman Kodak Company was dis- 
tilled at a pressure of 3 mm and the portion com- 
ing over at 80°C was collected and stored in sealed 
ampules. The observed constants were: d*? 0.958 
(ICT), n3? 1.531, Ri? 39.128. 


Db 
Apparatus 


The capacitance measurements were made by a 
bridge method using the apparatus already con- 
structed in this laboratory (7). Measurements 
were made by the comparison method (8) using 
seven frequencies distributed over the broadeast 
band. 

The air used for standardization of the cell and 
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for all transferring operations was dried by a 
“Lectrodryer” and filtered through glass wool. 
During the transfer of the atmosphere-sensitive 
compounds, the air was passed through sodium 
hydroxide prior to drying as an additional pre- 
caution. 

Dioxane and benzene solutions of the amines 
were prepared, the more soluble ones at approxi- 
mately 0.06 mole fraction and the less soluble ones 
at their maximum obtainable concentration at 
25° and 30°C. For the less soluble ones, saturated 
solutions were prepared and their concentration 
determined either by titration of the amine or by 
evaporation of a weighed sample to dryness. The 
evaporation was carried out in a vacuum desic- 
cator so as to exclude the possibility of atmos- 
pheric contamination. 


TABLE I. The mole fractions, dielectric constants, and 


densities of the solutions 


N2 ~ d 


amino-l-phenylpropane in dioxane (25°) 
0.101232 .67731 


2 1.00127 
0.075739 2.64515 

2 

9 


1.00573 
1.00932 
1.01320 
1.4083 (+0.0366) NV. 
- 0.15380 (40.0037) N. 
2-amino-1!-(4-hydroxypheny])-propane in dioxane (25°) 
0.008894 1.02233 


0.048584 . 60894 
0.023892 2.56942 
é2 = 2.53737 (+0.00377) + 
dis = 1.01695 (+0.00026) 


0.004102 2.34235 1.02189 
0.002268 2.31477 1.02160 
0.001159 2.29602 
0.000804 2.28800 


eo = 2.27644 (+0.00103) + 16.246 (+0.42) NV» 
- 


d,. = 02138 (+0.00006) + 0.11082 (+0.00909) NV. 
2-amino-1-hydroxy-1-phenylpropane in dioxane (25°) 
0.028480 2.45041 1.02657 
0.013483 2.33848 
0.006945 2.29225 1.02544 
0.002862 2.26806 1.02538 
9 


0.001494 
2.24834 (+0.00238 


26515 1.02498 


eo = ) + 6.9960 (+0.1404) N» 
dix = 1.02506 (+0.00007) — 0.0533 (+0.0050) N» 
0.021249 2.42287 1.02515 
0.014051 2.39679 1.02532 
0.006577 2.32133 1.02526 


é2 = 2.28344 (+0.01871) + 
diy = 1.02535 (+0.00009) - 


6.94 (41.23) N. 
0.0074 (+0.0019) N. 


2-amino-l-phenylethane in dioxane (25°) 
0.059793 2.38680 1.01655 
0.034679 2.34012 1.02146 
0.015839 2.28006 
0.008031 2.27073 1.02408 
0.004614 2.27081 1.02644 


2.254395 


dyx = 1.026454 


(+0.006592) + 
(+0.000537 ) 


2.2491 
0.16118 


€¢2 = 


(+0.1199) N.» 
(+0.01539) N» 
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TABLE I 


Continued 


\ P dvs 
2-amino-1l-phenylpropane in benzene (30°) 
0.059039 2.41352 0.879019 
0.032085 2.34971 0.876581 
0.018485 2.31676 0.875533 
0.012661 2.30523 0.875117 
0.008344 2.29349 


é2 = 2.274121 


diy = 0.873976 


(+0.00055) + 2.3589 (+0.0174) Ne 
(+0.000064) + 0.0846 (+0.0018) N» 


2-amino-1-(4-hydroxyphenyl)-propane in benzene (30°) 
0 .0002937 2.27308 
0 .0002345 2.27253 
0.0001979 0.869891 
0 .0001623 2.26825 


0.0001568 
0.0001161 
0.0001075 
0 .0000737 
é12 = 2.264749 


dis = 0.869264 


0.869689 
2.26800 
0.869614 
2.26745 
(+0.002208) +4 
(+0.000104) + 


29.0388 
3.0134 


(+3.439) N 
(+0.6542) N» 





2-amino-l-hydroxy-1l-phenylpropane in benzene (30°) 
0.005196 2.31444 0.871040 
0.003299 2.29613 0.870462 
0.002437 0.870146 
0.001764 2 0.870039 
0.001196 y ee 0. 869860 
0.000712 2.27376 
ei. = 2.267581 (+0.000410) + 8.9989 (+0.1148) N. 
dy. = 0.869527 (+0.000008) + 0.2867 (+0.0025) N. 
2-amino-l-phenylethane in benzene (30°) 
0.045097 0.874384 
0.028911 2.34561 0.873192 
0.022320 2.33191 0.872262 
0.012512 2.30133 0.871171 
0.008943 2.29370 0.870804 
0.006693 2.29024 


ey = 2.27103 (+0.00150) + 2.6158 (+0.0821) NV. 
dix = 0.869732 (+0.000052) + 0.1589 (+0.0027) N» 


RESULTS 

The calculation of the dipole moment followed 
the scheme of application of the Hedestrand (9) 
equation given in an earlier paper (10). In addi- 
tion, the Hoecker (11) method was used to study 
the polarization of the solution, Py», at each con- 
centration. Pj. was calculated by the equation 
€02—1N,M, + NoM, 
€ot2 d 
where €2 is the observed dielectric constant of the 
solution, d the observed density, N; and N, the 
mole fractions, and J, and Ms the molecular 
weights of the solvent and solute, respectively. 
From Py», the polarization of the solute, Ps, is 
calculated by the equation 


Py» = P, N, 


Pi. -_ 


+ P. Nz 
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where P;, Ps, Ni, and N» are the polarizations and 
mole fractions of solvent and solute, respectively. 
P, is assumed to be constant. P29, the polarization 
of the solute at infinite dilution, was obtained by 
a least-squares calculation as the slope of P, Ne» 
taken as a linear function of Ne. A comparison of 
the Ps values and the moments obtained by the 
two methods is given in Table II. 

In Table I are given the mole fractions, dielec- 
tric constants, and densities observed for the solu- 
tions. The dielectric constants and densities of 
each solution are expressed in linear equations as 
a function of the concentration of solute present. 
The precision is shown by the probable errors 
given for each of the quantities. 


TABLE II. 


Compounds 


Hedestrand 


In dioxane 


2-amino-1l-phenylpropane 67.380 
; 144.707 
2-amino-1-(4-hydroxypheny])-propane 
Lene See 142.66 
2-amino-1-hydroxy-1-phenylpropane 271.365 
2-amino-1-phenylethane 69.094 
In benzene 
2-umino-1-phenylpropane 77.735 
2-amino-1-(4-hydroxypheny] )-propane 176.356 
2-amino-1-hydroxy-1-phenylpropane 389.945 
2-amino-1-phenylethane 75.85? 


DIscussION 
In stating the causes of any observed change in 
the different 
solvents, one usually lists association, solvation, 


polarization of a compound in 
intermolecular bonding and intramolecular bond- 
ing of the solute, and the polarization of solvent 
molecules by the polar bonds of the solute. 
Association of alcohols and amines is a well 
established phenomenon and many workers hive 
demonstrated that 


when diluted with an oxygenated solvent such as 


such associated molecules, 
dioxane, break up into single molecules. Hydro- 
carbon solvents lack the ability to disrupt these 
associations, especially those due to hydroxyl 
groups. One mechanism that has been proposed 
for the above action is that the solvent associates 
with the solute by attachment to its oxygen atom, 
thus replacing the solute-solute pairing. This could 
be verified experimentally by the comparison of 
vapor and solution moments, but such determina- 
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tions were prevented by the lack of volatility of 
the compounds studied. 

The Hoecker method is useful in detecting asso- 
ciation in dilute solutions such as we have used. 
Hoecker, considering dilute solutions to be analo- 
gous to gaseous systems, has made the determina- 
tion of polarization by the calculations explained 
above. In addition to yielding the polarization of 
the solute, these curves will show the occurrence 
of association by any deviations from linearity in 
the plots. Inspection of the curves, Fig. 1, 2, 3, 
and 4, plotted for the four compounds studied 
shows that all four curves are linear in dioxane. 
The linearity in benzene extends to a concentra- 
tion of .03 mole fraction for 2-amino-1-phenyl- 


The polarization and moments in dioxane and benzene 


Moment 


Rp 
Hoecker Hedestrand Hoecker 
63.19 44.169 1.061 (+0.012) 1.084 
139.46 45.694 2.184 (+0.020) 2.141 
138.95 15.694 2.187 2.135 
266.62 45.694 3.321 (+0.045) 3.300 
70.93 39.128 1.243 (+0.035) 1.247 
78.20 44.169 1.281 (+0.006) 1.290 
174.47 40.653 2.590 (+0.015) 2.572 
387.90 45.694 4.141 (+0.313) 4.129 
76.35 39.128 1.329 (+0.023) 1.349 


ethane, and .06 for 2-amino-l-phenylpropane. In 
the other two compounds, solubility was definitely 
a limiting factor, but to the limits of .005 mole 
fraction for 2-amino-1-hydroxy-1-phenylpropane 
and .003 for 2-amino-1-(4-hydroxyphenyl)-pro- 
pane, the indications are of adherence to linearity. 
It is apparent that solute-solute association is 
negligible in these extremely dilute solutions. 

In 2-amino-l-hydroxy-l-phenylpropane, it is 
possible that intermolecular association might be 
diminished by an intramolecular bonding between 
the hydroxyl and amino groups which are situated 
on adjacent carbon atoms, while the hydroxyl on 
the 4-position of the phenyl in 2-amino-1-(4-hy- 
droxyphenyl)-propane is quite readily available. 
The observed solvent effect is less for 2-amino-1- 
hydroxy-i-phenylpropane than  2-amino-1-(4- 
hydroxyphenyl)-propane. 

Before leaving the Hoecker type curves, it is 
well to note the behavior cited by Hoecker for the 
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of 
plot of P2 against N» (Fig. 1 and 3). In only one the solvent molecules as revealed by their dielec- 
case can certain extrapolation be made. With 2- tric constants. The greater the polarizability or 
amino-1-hydroxy-1-phenylpropane, a straight line dielectric constant, the greater will be the change 
through four of the five points gives a P2 value in apparent dipole moment of the solute according 
comparable to that obtained by extrapolating to Miiller (12), LeFevre and LeFevre (13), 
P.N» against Ne» and by the.Hedestrand equation. Higashi (14), and Frank and Sutton (15). 
The difference of 0.09D to 0.22D in the magni- The observed solvent effects of this origin have 
PN Pe 
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tude of the solvent effect in going from 2-amino- 
l-phenylethane to  2-amino-1l-phenylpropane 
agrees with the findings of Cowley and Partington 
(16), who observed that the lengthening of the 


| 
i been classified as negative or positive depending 
t 
' 
t 
4. alkyl chain in a homologous series causes an in- 
i 


on whether the moment in the vapor state is 
greater or less than the moment observed in solu- 
tion. Most compounds have a negative effect and 
the polarization variations are regular with chang- 
ing dielectric constant of the solvent. Amines and 

In dealing with the polarization of the solvent alcohols, according to Cowley and Partington (16), 
molecules by the polar groups in the solute mole- have a positive effect. Compounds exhibiting this 
cules, we are concerned with the polarizability of type of effect have been observed to have irregular 


crease in the solvent effect as the series is ascended. 


the 
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variations in polarization with changes in the 
dielectric constant of the solvent. 

We should expect only a small solvent effect of 
this type in changing from dioxane to benzene in 
view of the small difference in dielectric constant. 
Although the effect we have observed is surprising 
on this basis, it is nevertheless not unique. In a 
study on some sulfonamides Gur’yanova (1) noted 
that the u values in dioxane were 0.4-0.6D greater 
than those in benzene. Kumler and Halverstadt 
(2) likewise observed in some sulfanilamides that 
the » values in dioxane were 0.3-0.4D greater than 
those in benzene. We observed the same magni- 
tude of effect, but the benzene values were the 
greater. It may be that the effect of the shape of 
the molecule is exaggerated here. It has been 
pointed out that if the dipole lies nearly parallel 
to the long axis of the molecule, the moment de- 


H O4# O4# 
/ ‘ ‘ ‘\ 
.* <» > % oo} 
—_—_+ +—- +— t+» + 
SULFANILAMIDE SULFONAMIDE 
AK mM 
-- C—C— C—H 
\ \HUHSH 
H Lo N~ 
{ aa | 
SYMPATHOMIME TIC 


Fic. 5. The alignment of the dipoles in sulfanila 


mide, sulfonamide, and sympathomimetic amines. 


creases with increasing polarizability of the sol- 
vent. If the dipole lies nearly perpendicular to the 
long axis, the moment increases with increasing 
polarizability of the solvent. As shown in Fig. 5, 
the first the 
sulfonamides the 
moments are greater in dioxane. The second case 


condition seems illustrated by 


and sulfanilamides where 
is illustrated by the sympathomimetic amines 
where the moments are greater in benzene. In 
these diagrams the angles made by the principal 
components of the group moments with respect 
to the long axis of the molecule are indicated, and 
these angles will be independent of rotation of 
these groups. 

It is interesting to note that for the two com- 
pounds for which it was possible to obtain the re- 
quired density and refractivity of the pure solute, 
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the Onsager (17) calculation of the moment leads 
to values that agree with the other values ob- 
Onsager values for 2-amino-1- 
.205D in dioxane and 1.351 
in benzene, while for 2-amino-1-phenylpropane 
they are 1.043D in dioxane and 1.281 in benzene. 


tained. These 


phenylethane are 
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SUMMARY 


The moments of four amines were determined 
in benzene and dioxane. The moments throughout 
were higher in benzene. Discussion of the possible 
causes of the solvent effect is given. 

Any discussion of this paper will appear in a Dis 
cussion Section, to be published in the December 1950 


issue of the JOURNAL. 
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Electrodialysis of Reduced Keratin Solutions’ 


Coun G. Fink? anp Haroutp ArTHUR GOLLE® 


Department of Chemical Engineering, Columbia University, New York, New York 


ABSTRACT 


Reduced keratin solutions were electrodialyzed so as to remove sulfur-containing ions, 


primarily thiosulfate and sulfide ions, which produce objectionable free sulfur in the 
keratin when the reduced keratin solutions are coagulated by the addition of acid. The 


degree of purification was found to be proportional to the quantity of electricity passed 
through the cell and independent of the temperature. At a fixed current density, de- 
crease in yield was found to be proportional to time of electrodialysis. Nickel anodes 


and graphite cathodes are suitable electrodes. 


INTRODUCTION 


This research was undertaken with the purpose 
of finding a commercial means of purification for a 
particular colloidal solution. The method of purifi- 
cation chosen was electrodialysis and the colloid 
used was reduced keratin. 

Native keratin, such as constitutes the major 
portion of hair, horn, hoof, feathers, wool, and the 
epidermal layer of the skin, is insoluble in the 
usual protein solvents and is not acted upon by 
gastric or pancreatic juices. One of the distinguish- 
ing characteristics of keratin is its high cystine 
content and if used as a food supplement, an 
enzyme digestible keratin might exhibit distinet 
beneficial nutritional properties. Botany Mills, 
Inc., of Passaic, New Jersey, the sponsors of this 
research, in an attempt to utilize waste wools, 
found that if keratin is put into colloidal solution 
with the aid of certain reducing agents and then 
coagulated, the resulting amorphous keratin is 
readily digested by enzymes such as trypsin and 
pepsin. 

Because of the reducing agents which were used 
to disperse the native keratin, namely a mixture 
of sodium sulfite and sodium sulfide, the coagu- 
lated keratin formed by the addition of acid was 


found on analysis to contain free sulfur which 
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ber 12 to 16, 1949, is based on the thesis of Harold A. 
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2 Professor Emeritus in Chemical Engineering, 
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would be objectionable if the product were to fil 
human requirements. 

Table I gives the composition of the reduced 
keratin solution. The pH of the dispersion is 9.5 
9.8. Most of the sulfite and sulfide are oxidized to 
thiosulfate, while some of the excess sulfite was 
oxidized to sulfate. 

Below are given the undesirable reactions which 
take place in the formation of free sulfur when the 
reduced keratin solution is coagulated by the 
addition of acid. The isoelectric point of keratin 
is pH 5.1. 


Navs.O; of 2HCI > 2NaCl + s¢ do + Ss + H.O 


SO. + 2S + 4H+ > 38 + 2H.0 


One of the purposes of this research was to re- 
move primarily the thiosulfate and sulfide ions 
from the colloidal solution before coagulation so 
as to prevent the formation of free sulfur which is 
occluded by the micelles of the coagulated keratin. 
Klectrodialysis offers a convenient method of re- 
moval. A further purpose was to gather data 
which would be useful for the commercial applica- 
tion of electrodialysis. 

Klectrodialysis may be defined as the electrical 
transportation of ions through suitable membranes 
which do not allow the passage of colloids. The 
factors which determine the rate of electrodialysis 
will be principally those which affect the mobility 
of the ions in the colloidal solution. 


APPARATUS 
The apparatus used for our experiments is 
shown in Fig. 1. The apparatus is simple in design, 


consisting principally of a three inch (7.6 em) ID 
pyrex tee and two reducers. Heating coils of 
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nichrome wire wrapped around the middle cham- 
ber are not shown. The capacity of the central 
chamber is approximately 1200 ml, and the solu- 
tion in this chamber is separated from the elec- 
trode chambers at either end by membranes. 
Platinum electrodes were used initially while other 
electrodes were tested, as will be discussed later. 
{ESULTS AND DISCUSSION 

At the beginning of this research it was thought 
advisable to follow the usual method of electro- 
dialysis in which water is circulated through the 
electrode chambers while a potential is applied 
across the electrodes. This method was inefficient 
because of the high resistance of the water in the 
electrode chambers. Because of the high resistance 


TABLE I. Composition of reduced keratin solution 
Wt. per 

cent 

Dispersed keratin as solids 8.2 
Sodium ions—Na* 0.8 
Thiosulfate ions—S.O 0.7 
Sulfate ions—SO, 0.2 


Also present are small amounts of sulfide, sulfite, and 


chloride ions 





PYRE X 
<a > MEMBRANES > ae 
ee ; <<!) 
Fic. 1. Apparatus for electrodialysis 


of water, the potential gradient in the central 
chamber was very low since most of the voltage 
drop occurred between the electrodes and their 
corresponding membranes. Since the speed of an 
ion or a charged particle in a solution is propor- 
tional to the potential gradient, among other 
things, conditions had to be found which would in- 
crease the potential gradient in the central cham- 
ber without necessitating an excessive applied 
voltage across the electrodes. 

tuns were made in which the tap water in the 
electrode chambers was kept stationary. Under 
these conditions the voltage drop across the cen- 
tral chamber, together with the current passed 
through the cell, was found to increase with time 
at a fixed applied external voltage. This can be 
explained by the electrochemica! reactions which 
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occur at the electrodes, namely, the decomposition 
of water to give oxygen and hydrogen ions at the 
anode, and hydrogen and hydroxyl ions at the 
-athode. The hydrogen ions in the anolyte and the 
hydroxy! ions in the catholyte thus reduce the re- 
sistance of the water between the electrodes and 
their corresponding membranes, thereby increas- 
ing the current passed through the cell and the 
potential gradient in the central chamber, since 
the colloidal solution in the middle chamber acts 
essentially as a resistance. This method had one 
important shortcoming in that the hydrogen ions 
diffused through the anode membrane and _ pre- 
cipitated the keratin in the form of a dense deposit 
on the anode membrane. 

The chief difficulty in this electrodialysis was to 
prevent keratin from depositing on the anode 
membrane since this prevented the thiosulfate and 
sulfide ions from diffusing out of the central cham- 
ber into the anode chamber. The anode membrane 
deposit was dense because of electrophoresis of the 


TABLE II. Composition of anode membrane deposits 


Per cent cystine Per cent sulfur 


10.8 15.2 
10.2 11.1 
10.2 | 11.3 
10.9 13.0 
11.3 11.7 


colloid which was charged negatively. Proof of the 
fact that the anode membrane deposit was im- 
permeable to the passage of thiosulfate and sulfide 
ions is shown in Table II which gives the compo- 
sition of these deposits. The local acidity adjacent 
to the anode membrane decomposed the thio- 
sulfate to give sulfur and sulfur dioxide. This ex- 
plains the unusually high sulfur content for these 
keratin deposits, the sulfur content of native kera- 
tin being 3.55 per cent for a cystine content of 
12.72 per cent. It became apparent that the de- 
posit of keratin on the anode membrane must be 
prevented if the sulfur-containing ions were to be 
removed from the colloidal solution without undue 
loss of yield. 

Agitation of the solution in the central chamber 
was employed in an effort to eliminate the anode 
membrane deposition. This was found unsuccess- 
ful. Mild agitation with limited aeration had little 
effect while vigorous agitation with considerable 
aeration resulted in an almost complete destruc- 
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tion of the reduced keratin, the sulfhydryl groups 
of the cystine being oxidized and thus preventing 
the regeneration of the disulfide linkage after 
coagulation of the reduced keratin solution with 
acid. 

When ammonia solutions. were added to the 
electrode chambers and cellophane membranes 
and platinum electrodes were employed, the re- 
sults shown in Fig. 2 were obtained. 

Notice in Fig. 2 that the total sulfur content of 
the coagulated keratin decreases proportionally 
with the quantity of electricity passed through 
the cell until it reaches 3 per cent, which is the 
minimum value that can be obtained since the 
coagulated keratin has a cystine content of 10.8 
per cent. Not only were the ammonia solutions 
alkaline enough to prevent deposition on the anode 
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Fic. 2. Variation of total sulfur content of keratin 
with quantity of electricity passed. 


membrane, but this aqueous ammonia reduced the 
resistance between the electrodes and the mem- 
branes, which in effect decreased the power con- 
sumption. 

The degree of purification was found to depend 
only on the quantity of electricity passed through 
the cell and appears to be independent of the 
temperature of the solution since the results 
plotted in Fig. 2 are representative of those ob- 
tained at various temperatures. 

On continued electrodialysis there is a decrease 
in the yield of purified keratin as is shown in Fig. 
3. The current density given is based on the cur- 
rent passed through the cell divided by the ex- 
posed membrane area and not the electrode area. 
These results are for 1200 ml of colloidal solution 
as was the case with the results given in Fig. 2. 
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Actually for electrodialytic operations the current 
density should be expressed as amperes per unit 
membrane area, per unit volume. Notice in Fig. 3 
that although the total sulfur content reaches a 
minimum value, the yield of product would be 
expected to decrease continuously with increasing 
time of electrodialysis because of hydrolysis of the 
protein into its constituent amino acids. It is im- 
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Fic. 3. Variation of total sulfur content and yield 
with time of electrodialysis. 
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portant, therefore, to stop the electrodialysis when 
the minimum sulfur content is reached so as to 
prevent undue loss of the purified keratin. Al- 
though hydrolysis of the protein is favored by 
higher temperatures, there is one noticeable ad- 
vantage in operating at somewhat elevated tem- 
peratures, as is shown in Fig. 4. Here we see that 
if the temperature is raised from 20° to 50°C, the 
specific conductance is doubled, which means that 
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the power consumption at constant current would 
be decreased to 25 per cent of its original value. 
By increasing the temperature, the viscosity of the 
colloid is decreased thereby decreasing the poten- 
tial required to move an ion at some _ pre- 
determined rate. 

Of the membranes tested, namely, cellophane, 
vegetable parchment, and cotton cloth impreg- 
nated with a mixture of magnesium carbonate and 
magnesium hydroxide, the latter was found to be 
most suitable in this work. The impregnated cot- 
ton cloth is the same as the membranes which are 
used in the viscose industry for the recovery of 
caustic from hemicellulose by ordinary dialysis. 
These membranes were found superior to the 
others because of their greater mechanical 
strength, even though they have the same porosity 
as cellophane membranes 0.0015 in. (0.038 mm) 
thick. 

Platinum electrodes were used for part of this 
research, but a considerable amount of time was 
spent in finding cheaper electrodes for commercial 
use. Graphite cathodes were found very suitable, 
but considerable difficulty was encountered in 
finding a cheap insoluble anode material. Lron, 
graphite, stainless steel, and silver were attacked 
in alkaline solution. The destructive action on 
these anode materials can be accounted for either 
by oxygen liberation at the anode or because of 
the corrosive nature of the solution in the anode 
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chamber, this solution consisting of a mixture of 
sulfides, sulfates, thiosulfates, and sulfites. 

Nickel anodes were found very suitable if they 
were stress-relieved, and if caustic solutions were 
circulated in the anode chamber. There is no ob- 
jection to using caustic solutions in the anode 
chamber providing they are not too concentrated, 
i.e., less than 0.5 molar. 


SUMMARY 


The results obtained in this research indicate 
that it would be commercially feasible to use 
electrodialysis as a rapid means of purification for 
the reduced keratin solution. A commercial piece 
of apparatus would probably consist of a multi- 
frame electrodialyzer in which the solution to be 
purified would be circulated in alternate chambers 
counter-current to the flow of the electrolytes in 
the electrode chambers, so as to receive maximum 
benefit from any concentration gradient which 
may exist since it is possible that electrodialysis 
and ordinary dialysis may occur at the same time. 

It is our belief that electrodialysis offers a 
speedy and not too expensive means of purifica- 
tion even though it is not often used in commercial 
practice, the prevalent belief being that it is 
suitable only for laboratory work. 


Any discussion of this paper will appear in a Dis 
cussion Section to be published in the December 1950 
issue of the JOURNAL. 
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Complex Species in Organic Polarography’ 


Kk. G. STONE 


Chemistry Department, Michigan State College, East Lansing, Michigan 


ABSTRACT 


A comparison of potentiometric and polarographic measurements leads to the con 
clusion that the effect of pH may not be identical in both cases if the reduced species is 
stabilized by resonance. Buffer constituents may play a vital role in the polarographic 
reduction if a relatively stable species is formed between the buffer anion and either the 
starting material or one of its reduction products. Future work in organie polarography 
should include the use of varied buffer systems as well as pH variation, and direet deter 
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mination of the diffusion coefficient. 


INTRODUCTION 


The applications of the polarographic method 
for characterization and as an analytical tool have 
become so numerous that there is no doubt that 
polarography is one of the outstanding recent de- 
velopments. With regard to the field of organic 
polarography, it is unfortunate that so much of 
the work that has been published was done with- 
out proper respect for half-wave potentials and the 
use of buffered systems. As a result, the practical 
applications are much more important than the 
theoretical treatments offered to date. 

The discussion which follows is an extension of 
conclusions drawn by Furman and Stone (1) from 
a study of nineteen anthraquinones of varying 
structural complexity. 


POLAROGRAPHIC vs. POTENTIOMETRIC 
EFFECTS 

The use of the dropping mercury cathode and a 
reference electrode of sufficient area so that it is 
unpolarized the polarographic 
method. With this arrangement, the effective por 
tion of the solution is a small spherical layer which 
is only a few molecules thick. This layer is not the 
diffusion region around the drop, but the layer in 
which electron transfer from the drop may occur. 


characterizes 


The organic substance diffuses into this layer and 
is given electrons, i.e. reduced, and then diffuses 
out of the sphere of action. Since most organic 
reductions require protons as well as electrons, the 
site of the proton addition is of some consequence. 
If the reduced organic substance cannot exist 
without the protons, then the protons will have to 

1 Manuscript received May 24, 1949. This paper pre 
pared for delivery before the Chicago Meeting, October 
12 to 15, 1949. 
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be acquired within a very short time interval after 
the electron addition. In other words, the proton 
will be required while the substance is still inside 
the sphere of action with the result that the avail- 
ability of protons contributes to the ease of reduc- 
tion, and the half-wave potential will show a pH 
effect. On the other hand, if the reduced substance 
is stabilized, by resonance for example, then pro- 
tons will be unnecessary in the sphere of action, 
and no pH effect will be observed. 

The potentiometric method using a platinum 
electrode and a salt bridge to a reference electrode 
depends upon the indicating nature of the elec- 
trode. A small layer of solution at the surface of 
the electrode must have the same properties as 
the bulk of the solution between the electrode and 
the reference electrode or salt bridge. As a result, 
a species which has only a momentary existence 
will not be detected in a potentiometric titration. 
Such a case would be a reduced substance that 
had not acquired protons due to stabilization by 
resonance. 

This fundamental difference between the bulk 
effect of the potentiometric system and the layer 
effect of the polarographic system has been ob- 
served in the case of certain sulfonated anthra- 
quinones which have been studied polarographi- 
cally by Furman and Stone (1) and potentio- 
metrically by Conant, ef al. (2). The data for 
anthraquinone-2-sodium sulfonate are given in 
Fig. 1. It is evident in the polarographic data that 
the buffer present is of much more importance 
than the pH of the medium. It is interesting that 
the inorganic buffer system ammonia-ammonium 
chloride appears to behave more like a potentio- 


metric system than the other inorganic buffers. 
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SEMIQUINONE FORMATION 


The intermediate formed when a two-electron 
reduction occurs in two one-electron steps has 
been named a semiquinone because the phenome- 
non is usually observed with quinones. The ther- 
modynamics of the process have been treated by 
Michaelis (3) for potentiometric measurements, 
and by Miiller and Brdicka (4) for polarographic 
conditions. These authors have assumed that the 
critical step is the dismutation of the semiquinone 
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Fic. 1. A comparison of potentiometric (solid line) 
and polarographic (points) data for anthraquinone-2 


Ac, Cit, P, B, T, and NH 


the acetate, citrate, phosphate, borate, tartrate, and 


solium sulfonate. refer to 


ammonia buffers used in the polarographic work. The 
potentials for the polarographic points are half-wave 
potentials. 

and reduced forms of the 


into the oxidized 


quinone. 


Quinone = semiquinone = hydroquinone 
2 semiquinone = quinone + hydroquinone 
l (quinone) (hydroquinone) 

kK (semiquinone)? 
The value for the constant K is a measure of the 
stability of the semiquinone. On a polarographic 
curve, if K is a little larger than 4, the slope of the 
wave will change at the midpoint; if A is much 
larger than 4, then two one-electron steps will be 
present. 

The thermodynamic description of the potentio- 
metric process has been quite successful because a 
real equilibrium has been studied. The application 
to the polarographic process is more complicated 
than has been indicated because the species formed 
by reduction in the reaction sphere around the 
drop may or may not be the species which is in 
equilibrium in the bulk of the solution. If the re- 
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duced species has a resonating system which is 
sufficiently large so that one electron will be held 
without undue strain on the system, then a species 
which is sufficiently stable may be formed by 
combination of the reduced form with the buffer 
constituent. Numerous examples were found in 
the study of anthraquinones. Buffer solutions con- 
taining phosphate and borate were especially note- 
worthy for semiquinone stabilization. Tartrate 
and acetate media were effective in complexing 
the semiquinone in some cases. 

The marked effect of borates in solutions of pH 
8 may be explained on the basis of the ring forma- 
tion which is well recognized when a 1 ,2-diol and 
boric acid are brought together. The suggested 
reaction in the reduction of purpurin, 1,2,4-tri- 
hydroxyanthraquinone, may be written as shown 
in the following equation: 





O O—B—OH 
| 
tN JS» 
oN/ \“\—O 
H +e + H,BO; + Ht = 
S\ AG 
O OH 
O O—B—OH 
/ | 
| 
f“N O 
° i + 211.0 
A 4 
a 
Oo oO 
B 
Ou 


This semiquinone species has sufficient stability 
so that it can diffuse out of the action sphere with 
the result that the reduction of quinone to hydro- 
quinone can occur in two one-electron steps. It is 
that 
groups such as acetate, phosphate, tartrate, and 


reasonable to assume other oxygenated 
citrate would also form complex species whose 
stability would vary considerably with the result 
that wave formation would range all the way from 
one two-electron wave through a wave whose slope 
changes at the midpoint to two separate one- 
electron steps (4), Fig. 2. In the one position of 
anthraquinone, hydroxyl, amino, and sulfonate 
groups were found to be active in promoting semi- 
quinone formation. Substitution in the two posi- 


tion had very little effect except when a 1 ,2-diol 
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was formed, in which case the semiquinone effect 
observed with the 1-ol was not found. 

The effect of a decrease in dielectric constant 
which had been reported by Geake and Lemon (5) 
to result in semiquinone formation with anthra- 
quinone-2-sodium sulfonate was not observed 
probably because the solutions used contained 
only forty per cent dioxane which would not have 
sufficiently low dielectric constants. The effect of 
buffer constituents appeared to be much more 
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Fic. 2. Typical polarographic waves. Effect of buffer 
constituent 1 and 2. Semiquinone behavior 2, 3, and 4. 
1 and 2, anthraquirone-2-sodium sulfonate in acetate 
and phosphate buffers at pH 8; 3, 1-aminoanthraquinone- 
2-sodium sulfonate in borax buffer in a 40% dioxane 
medium; 4,purpurin (1,2,4-trihydroxyanthraquinone) 
in tartrate buffer of pH 11. 


DIFFUSION COEFFICIENTS 
In estimating the number of electrons involved 
in a polarographic reduction, frequent use has 
been made of the Ilkovic equation (6) 


Ta = 605n D'!? C m?/3 (1/6 


where n is the number of electrons, D the diffusion 
coefficient, 74 the diffusion current, C the concen- 
tration, and m and ¢ are constants of the drop. 
D and n are the only terms that are not ordinarily 
measurable. The conductance of dilute solutions 
of the compound has been used to approximate 
the value of the diffusion coefficient, but the ap- 
proximation has not been too successful for organic 
compounds. The difficulties involved in estimating 
the diffusion coefficient increase when oxygen- 
containing groups such as hydroxyl, carboxyl, or 
carbonyl are present because association effects (7) 
must be considered. 

One method for determining the diffusion coeffi- 
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cient for organic substances directly is the tech- 
nique suggested by Northrup and Anson (8) using 
a sintered glass membrane and the exact solution 
in which the coefficient is desired. There has been 
much discussion concerning the validity of this 
technique on a thermodynamic basis. Gordon has 
recently shown (9) that the method has a sound 
thermodynamic basis so that there is no reason 
why the diffusion coefficient is not directly measur- 
able. As a result, the number of electrons is the 
only quantity in the Ilkovie equation which must 
be calculated. 

A few measurements are given in Table I to 
show the correlation between the calculated and 
observed diffusion coefficients. In view of the con- 
centration differences, the agreement is satisfac- 
tory, especially when the calculations involve the 
square root of the diffusion coefficient. 


TABLE I. Diffusion coefficients at 25°C 


D X 106 cm?/sec 


Conc measured 
Anthraquinone 


meas- P conc calcd. 
ere caled. 

1,8-diOH, 3-CH.OH 2.4 | 3.9 50 

1,2-diOH 4.0 3.8 5 

2-NaSO; 1.8 133 25 


“by Northrup-Anson technique. 
from Ilkovic equation assuming 2 electrons. 


SUMMARY 


Consideration of complex molecules or multi- 
ionic species leads to the conclusion that potentio- 
metric and polarographic measurements of organic 
molecules containing resonating systems will prob- 
ably not yield the same results. The resonating 
system may also lead to stable semiquinones if 
acetate, phosphate, borate, or tartrate buffers are 
used in the presence of amino, hydroxyl, or sulfon- 
ate groups on the molecule being studied. The 
diffusion coefficient may be determined directly 
by the Northrup-Anson technique so that the 
number of electrons is the only nonmeasurable 
quantity in the Ilkovic equation. 


Any discussion of this paper will appear in a dis- 
cussion section, to be published in the December 1950 
issue of the JOURNAL. 
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ABSTRACT 


From a solution of 2 molar chromic acid, reduced to a trivalent chromium content of 
10 per cent with 300 g/l of ammonium citrate and containing 150 g/l of tungstie anhy 
dride, alloy plates of chromium and tungsten of thicknesses up to nearly 0.0001 inch 
(.00025 em) were deposited at a temperature of 60 to 75°C and a current density of 10 


to 20 amperes per square inch (1.6 to 3.2 amp/em?). The resulting plates have excellent 


appearance and properties, especially from the point of view of resistance to corrosion 


by any of the common inorganic acids. These plates may have some applications to the 
protection of small objects from attack by such media. 


INTRODUCTION 


While making a study of the fundamentals of 
the chromium deposition process, attempts were 
made to prepare and study a solution resembling 
what is presumed to be the composition of the 
cathode film in an ordinary chromic acid plating 
bath, as postulated by several writers (1) (2). 
Supposedly, this film has a higher pH and a higher 
trivalent chromium content than the body of the 
solution, and to attain these conditions, a chromic 
acid solution was reduced with an organic reducing 
agent, such as ammonium citrate, and the pH 
was increased by additions of ammonium hy- 
droxide. When the trivalent chromium content of 
such a solution was above 30 per cent and the pH 
raised to 7.0 or higher, very bright plates could be 
obtained at high current densities and low current 
efficiencies. Since it has been reported that tung- 
sten can be deposited from an alkaline solution 
(3), it became apparent that an alloy of chromium 
and tungsten might be codeposited from an alka- 
line solution. When tungsten was added to such a 
solution as either tungstic acid or sodium tung- 
state, the deposits did indeed contain some 
tungsten. 

A general knowledge of the properties of these 
two metals indicated that an electrodeposited 
alloy of chromium and tungsten might have valu- 
able physical and chemical properties. Experi- 
ments were conducted to determine the optimum 
conditions for the deposition of the alloy, as well 
as the composition and some of the properties of 
the plates. 

' Manuscript received September 26, 1949. This paper 
prepared for delivery the 
October 12 to 15, 1949. 
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I-XPERIMENTAL 


The equipment utilized in these experiments 
comprised standard laboratory ammeters, resis- 
tors, beakers, and water baths. Most of the plating 
was done in 400 ml beakers containing 200 ml of 
solution. Cathodes were of copper, one inch square 
(2.54 x 2.54 em), stopped off on the back with 
silicone varnish. Since extremely high current 
densities were required, solutions were cooled in a 
water bath. The source of current was a 110 volt 
d-c line. All pH measurements were made with a 
Beckmann pH meter. Iron anodes were used, and 
proved to be insoluble in the bath as long as the 
pH was maintained above 7.0. 

Analysis of the plates was complicated by the 
fact that the weight of the deposits was from 2 to 
5 milligrams. At first, these plates were weighed, 
fused in sodium peroxide, and analyzed for chro- 
mium only, the tungsten being obtained by differ- 
ence. Later, a method of spectrographic analysis 
was developed as a check; this showed a very 
small amount of iron in the deposit. The values re- 
ported for the tungsten contents of the plates 
appear reliable; however, they should not be re- 
garded as highly accurate. 

The initial solutions were cp chromic acid con- 
taining additions of ammonium sulfate to give a 
50:1 CrOs:SO% ratio. Concentrations 1, 2, and 4 
molar in chromic acid were investigated. The 2 
molar solution was found to be most satisfactory, 
and all data reported herein pertain only to it. 
The chromic acid solution was heated nearly to its 
boiling point and an organic reducing salt added 
slowly to it (a violent reaction results). After the 
addition of the organic salt was completed, the 
solutions were boiled for 20 minutes, so that the 
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reducing reaction would go nearly to completion. 
The requisites of a suitable organic substance 
seem to be that it reduce the hexavalent chromium 
to the trivalent state and that no foreign metal 
ion be added to the solution. Of the few organic 
compounds that were investigated, ammonium 
citrate was by far the most satisfactory. The 
amount added did not seem to be highly critical, 
so long as the percentage of trivalent chromium 
in the solution was between 30 and 50 per cent. 
Citrate additions of 300 grams per liter were found 
to be most satisfactory, and were generally used 
thereafter. 

In solutions of this type, containing over 30 per 
cent trivalent chromium, no bright plate was ob- 


TABLE IL. Effect of solution variables on tungsten content 


of deposits* 


Lat Conditions of deposition cw 
1 “Standard”’ conditions. 100 g/l WO;, 300 g/l 33 
ammonium citrate, 50:1 CrO;:SO," ratio, 
pH = 8, temp = 70°C, current density 
= 13 amp/in? (2.1 amp/em’) 
2 | Same as 1 except 50 g/l WO; 30 
3 Same as 1 except 200 g/l WO 36 
{ Same as | except 150 g/l citrate 28 
5 | Same as | except 450 g/l citrate 32 
6 Same as | except no sulfate 31 
7 Same as | except 10:1 sulfate ratio 32 
S Same as 1 except pH = 6.5 33 
9 Same as 1 except current density = 9 30 
amp/in.? (1.44 amp/em?*) 
10 Same as 1 except temp = 90°C 34 


* All solutions were two molar in chromium. 


tained until the pH was raised to a value of 7 or 
above. Since it was necessary to maintain the pH 
that high in order to keep the tungsten in solution, 
the plating baths were always operated at a pH 
above 7, usually around 8. The exact value did 
not appear to be particularly critical. From a solu- 
tion such as described, thin, bright deposits of 
chromium were obtained at low current efficiency 
even when no sulfate was present in the solution 
except for the very small amount present in the 
cp chromic acid. If, however, ammonium sulfate 
is added so as to give a 50:1 CrO;:SO7 ratio, the 
current efficiency is greatly increased. 

When a soluble tungsten compound was added 
to the solution, tungsten codeposited with the 
chromium. Tungstie acid is preferred to sodium 
tungstate since the addition of the undesirable 
sodium ion is avoided. Tungstic acid additions up 
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to 300 grams per liter were studied, but quantities 
this large were difficult to keep in solution. The 
usual addition was 150 grams per liter. The tung- 
stic acid may either be added to the solution after 
reduction with citrate and the addition of am- 
monia to a pH of 8, or it may be dissolved with the 
citrate in water and the solution added to the hot 
chromic acid solution. Increasing tungsten in the 
solution increases the percentage in the plates, as 
indicated by Table I. 

No plate was obtained from this solution below 
a current density of about 6 amperes per square 
inch (0.96 amp/cm?*). Between a current density 
of 10 and 20 amperes per square inch (1.6 and 3.2 
amp/cm?*), however, at a temperature of 65°C, 
very bright plates were obtained. The exact tem- 
perature was not critical so long as it was in the 
range of 60 to 75°C. When a plate was made from 
a solution containing 300 g/l of citrate and 150 
g/l of WO; at a current density of 13 amperes per 
square inch (2.1 amp/cem*) for 60 to 90 minutes, 
the thickness was approximately 0.00005 inches 
(0.0013 mm), and then build-up practically ceased. 
With a concentration of 50 grams per liter of WO;, 
the maximum plate thickness was approximately 
0.0001 inches (0.0025 mm). Based on a plating 
time of 90 minutes, 0.00005 inch (0.0013 mm) 
indicates a current efficiency of approximately 
0.05 per cent. If the tungsten is omitted, the plate 
will continue to build up indefinitely, although the 
efficiency will not be much higher. As the tungsten 
content of the solution was increased, the maxi- 
mum thickness that the plates would attain be- 
came less and less. 

Discussion OF RESULTS 

The effect of solution: variables on the tungsten 
content of the deposit may be observed by a study 
of Table I. Deposit No. 1 was obtained under 
what may be regarded as ‘‘standard”’ conditions; 
the solution contained 100 g/l WOs, 300 g/l am- 
monium citrate, 50:1 CrO;:SO7 ratio, pH of 8, 
temperature of 70°C and a current density of 13 
amperes per square inch (2.1 amp/cm?). The plate 
from this solution analyzed 32 or 33 per cent W. 
These conditions were varied one at a time, the 
others being held constant. 

The throwing power of the solution seems to be 
about the same as that of a standard chromic acid 
bath. Examined microscopically, the plates appear 
to be quite crack free. Their adherence to the base 
metal was excellent. The remarkable feature of 
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these deposits is that those which contain appre- 
ciable percentages of tungsten were practically 
unattacked by any of the four common inorganic 
acids (HCI, HNO;, H.SOy, HF) or any combina- 
tion of them. In 15 hours’ time, at room tempera- 
ture, no appreciable attack .of the thin plates 
could be noted when immersed in the concentrated 
acids. Although no 15-hour corrosion tests were 
made at elevated temperatures, attack was not 
rapid enough at 80°C to produce visible hydrogen 
evolution. Steel cathodes were plated with the 
alloy and submerged in saturated sodium chloride 
solution for several days, and the extremely thin 
allov plates were found to give protection against 
corrosion comparable to that provided by pure 
chromium plate of ten times the thickness. 
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